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Abstract
We show that majoron emission from a hot nascent neutron star can be anisotropic in the presence of a strong magnetic field.
If majorons carry a non-negligible fraction of the supernova energy, the resulting recoil velocity of a neutron star can explain
the observed velocities of pulsars.
 2005 Elsevier B.V. Open access under CC BY license.1. Introduction
Pulsar velocities present a long-standing puzzle [1].
The distribution of pulsar velocities is non-Gaussian,
with an average velocity 250–500 km/s [2,3]. As
many as 15% of pulsars appear to have velocities
greater than 1000 km/s [3]. Pulsars are magnetized
rotating neutron stars born in supernova explosions of
ordinary stars, and so one expects these high velocities
to originate in the supernova explosions. However, a
pure hydrodynamical asymmetry does not seem to be
sufficient to account for such high velocities. Accord-
ing to advanced 3-dimensional calculations, pulsar ve-
locities from an asymmetric collapse cannot exceed
200 km/s [4]. The origin of pulsar velocities remains
a tantalizing puzzle.
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Open access under CC BY license.While only 1% of the gravitational energy goes
into the supernova explosion, a much greater energy
pool is in neutrinos that take away 99% of the ini-
tial energy. An anisotropy in the neutrino emission as
small as a few per cent is sufficient to explain the ob-
served pulsar velocities. The neutrinos are produced in
weak processes whose rates depend on the angle be-
tween the neutrino momentum and the electron spin.
Inside a hot neutron star, the electrons are polarized
by a strong magnetic field. Hence, the neutrinos can
be produced with a considerable anisotropy. It was
suggested that the weak interactions alone could lead
to an anisotropic flux of neutrinos which could ex-
plain the pulsar kicks [5]. However, this asymmetry is
quickly erased by scattering of the neutrinos on their
way out of the neutron star. In fact, one can show that,
in an approximate thermal and chemical equilibrium,
an anisotropy in the production or scattering ampli-
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flux [6].
There are two ways to evade this no-go theorem [6].
One is to consider an ordinary neutrino outside its neu-
trinosphere, where it is not in thermal equilibrium. For
example, conversions from one neutrino type to an-
other between their respective neutrinospheres, in the
region where one of them is trapped but the other one
is free-streaming, could explain the pulsar kicks [7].
However, present constraints on the neutrino masses
do not allow the resonant neutrino oscillations to take
place at densities around the neutrinospheres, and so
this mechanism does not work.
Another possibility is that there is a new particle,
whose interaction with matter is even weaker than
those of neutrinos. Such a particle could be produced
out of equilibrium, and the no-go theorem of Ref. [6]
does not apply. It has been proposed that an asym-
metric emission of sterile neutrinos could explain the
pulsar kicks [8]. In this Letter we consider a different
mechanism, based on the emission of majorons from a
cooling newly formed neutron star.
Majorons, Φ , are massless pseudo-scalar particles
[9] which, to a good approximation, have interactions
only with neutrinos described by the Lagrangian
(1)Lint = Φ2
(
gαβν
T
ασ2νβ + g∗αβν†βσ2ν∗α
)
.
The role of the majoron emission in the supernova
cooling process has been studied extensively [10,11].
Inside a supernova core neutrinos have an effective po-
tential given by
(2)Leff = −ν†αVαβνβ,
where Vαβ = diag(Ve,Vµ,Vτ ) and
(3)Ve =
√
2GFnB(Ye + 2Yνe − Yn/2),
(4)Vµ = Vτ =
√
2GFnB(Yνe − Yn/2).
Here, Yi = (ni − n¯i )/nB and nB is the baryon density.
We note that, for the values of the majoron couplings
we consider, the terms in the potential due to the ma-
joron exchange [12] are negligible; in other words,
|gαβ |2nBYν/T 2  Ve,Vµ.
Because of the nonzero effective potential, the dis-
persion relations of neutrinos and antineutrinos in-
side the core are different, making processes such as
νν → Φ and ν¯ → νΦ kinematically possible. Theseprocesses give rise to a majoron flux, which can
transfer some energy, EΦ , from the core. Obviously,
EΦ cannot be as high as the total supernova energy,
Etotal = 1.5–4.5 × 1053 erg. This is because neutrinos
form supernova 1987A have been observed, and this
observation implies that at least a third of Etotal was
emitted in neutrinos. Based on this observation, one
can derive strong bounds on the couplings [10,11]:
(5)gee < 4 × 10−7, gµµ,gττ < 10−6.
However, the data from SN1987a are not precise
enough to rule out the possibility that EΦ was a non-
negligible fraction of Etotal. Let us define
(6)x ≡ EΦ/Etotal,
and let us assume that the emission of majorons is
anisotropic, with an asymmetry  of a few percent.
Then the overall anisotropy is x. If this quantity is of
the order of 10−2, the anisotropic emission will give
the neutron star a recoil consistent with the observed
pulsar velocities. We will show that the neutron star’s
magnetic field can cause such an asymmetry.
Let us examine whether the majorons are trapped.
Inside a supernova core, the processes Φ → νν and
νΦ → ν¯ are kinematically allowed. Indeed, if the cou-
plings are very large (g > 10−5), the majorons are
trapped inside the core so they cannot transfer a signif-
icant amount of energy to the outside [10]. Thus, the
bounds from supernova cooling exclude only a small
window in the coupling constant values. In this Letter,
we will concentrate on the coupling constant values
that saturate the bounds in Eq. (5). For such small val-
ues of the couplings, the mean free path of ν¯Φ → ν
is two orders of magnitude larger than the radius of
the supernova core [11]. The majoron decay length
is even larger. As a result, one can assume that the
majorons leave the core without undergoing any in-
teraction or decay. Also as it is discussed in [11], for
the values of coupling satisfying the upper bounds (5),
the four particle interactions involving majorons, such
as Φν → Φν, νν → ΦΦ , etc., are negligible.
Now let us assume that there is a uniform strong
magnetic field in the core along the zˆ-direction: B =
| B|zˆ. In the presence of such a magnetic field, the
medium is polarized [13], and the average spin of elec-
trons is
(7)〈λe〉 = −e
B( 3 )1/3
n
−2/3
e .2 π4
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a new contribution, δV [13]:
(8)δV = −√2GFYenB〈λe〉 cos θ diag
(
3
2
,
1
2
,
1
2
)
,
where θ is the angle between the neutrino momentum
and the direction of the polarization. Since the effec-
tive potential of the neutrinos depends on the direction
of their momentum, the rates of the processes νν → Φ
and ν¯ → νΦ will also depend on the direction. The
emission of majorons produced in these three-particle
processes is strongly correlated with the direction of
the initial neutrinos [11]. Therefore, the majoron emis-
sion will be anisotropic.
We stress that in all our discussion we neglect the
neutrino magnetic moment, which is very small in the
Standard Model with massive neutrinos. The magnetic
field affects the neutrinos only indirectly, through po-
larizing the electrons in the medium. If some new
physics makes the neutrino magnetic moment non-
negligible, it may have implications for the pulsar
kicks [14].
The rest of this Letter is organized as follows. In
Section 2, we evaluate the momentum that the process
νeνe → Φ can exert on the neutron star in terms
of the total energy transferred to majorons. In Sec-
tion 3, we perform the same analysis for the processes
νµνµ → Φ and ν¯µ → Φνµ. In Section 4, we sum-
marize our conclusions and discuss the effects of a
realistic configuration of the magnetic field, which is
probably not a pure dipole.
2. Effects of νeνe → Φ
During the first few seconds after the core col-
lapse, inside the inner core (r < 10 km), the electron
neutrinos are degenerate: µνe ∼ 100–200 MeV and
T ∼ 10–40 MeV [15]. Right after the core bounce Ve
is positive, which makes the process νe → ν¯eΦ kine-
matically allowed. However, after about one second Ve
becomes negative and instead of νe-decay, νeνe → Φ
becomes the source for the production of Φ . As dis-
cussed in Ref. [11], the time during which Ve is pos-
itive is too short to be important for energy depletion
(or momentum transfer). Thus, we concentrate on the
time when V < 0.eConsider two electron neutrinos with momenta
p1 = | p1|(1, sin θ1,0, cos θ1),
p2 = | p2|(1, sin θ2 cosφ, sin θ2 sinφ, cos θ2).
The cross-section of νe(p1)νe(p2) → Φ is given by
[11]
σ = 2πg
2
ee
4p21p
2
2|v1 − v2|
(p1 + p2)
(9)× |2Ve + δV1 + δV2|δ(cos θ3 − cos θ0),
where cos θ3 = p1 · p2/(| p1|| p2|) and
(10)cos θ0 = 1 + p1 + p2
p1p2
(2Ve + δV1 + δV2).
Note that δV1 and δV2 depend on the directions of p1
and p2. Integrating over all possible momenta of the
neutrinos, we find that the neutrinos inside a volume
dV during time dτ , transfer a momentum to the core
which can be estimated as
(11)d P = 7
√
2
24
GFne〈λe〉 |gee|
2
(2π)3
(µνe )
4 dV dτ.
Of course, the process νeνe → Φ speeds up the
deleptonization process and, therefore, the duration of
the neutrino emission becomes shorter. However, for
gee < 4 × 10−7, Γ (νeνe → Φ)  Γ (ep → νen), and
we expect that the β-equilibrium is maintained, and
the overall evolution of the density profiles is similar
to the case without majoron emission [15].
Since we do not know the value of |gee|, it is con-
venient to write the total momentum transferred to the
core in terms of the energy taken away by majorons,
EΦ = xEtotal:∫
d P ≈
√
2GFneEtotalx
2〈|Ve|〉 〈
λe〉
(12)= −
√
2GFEtotalxe
4〈|Ve|〉
(
3ne
π4
)1/3
| B|zˆ,
where 〈|Ve|〉 is the average of |Ve| over time and vol-
ume that the process νeνe → Φ takes place. The value
of |Ve| changes with time because of the loss of the
electron lepton number through neutrino and majoron
emission. The initial value of Ve is about 3 eV, which
corresponds to Ye ≈ 0.4, Yνe ≈ 0.03 [16,17]. In the ab-
sence of majoron emission, this quantity evolves and
becomes negative on the time scale of few seconds.
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tion of the matter potential. Calculating the exact time-
dependence of |Ve| is beyond the scope of this Letter.
Here we take a representative value 〈|Ve|〉 ≈ 0.5 eV
[15–17].
To give the star of mass Ms a velocity of v, this
mechanism requires a magnetic field of the order of
| B| = Ms
1.4M
v
500 km/s
3 × 1053 erg
Etotal
〈|Ve|〉
0.5 eV
(13)×
(
0.05 fm−3
ne
)1/3 0.5
x
· 3 × 1016 G.
Little is known about the magnetic fields in the core
of a hot neutron star at birth. Observations show that
magnetic fields at the surface of an average radio
pulsar millions of years after birth are of the order
of 1012 G. However, some of the observed neutron
stars appear to have surface magnetic fields as high
as 1015 G [18]. It is reasonable to assume that the field
in the core of a neutron star is stronger than it is on
the surface. It is also likely that the magnetic field in-
side a typical neutron star grows to ∼ 1016 G or higher
during the first seconds after the onset of a supernova
explosion due to a dynamo action [19]. Analysis of the
dynamo in the linear regime show exponential growth
of the field on time scales ∼ 0.1 s up to a saturation
field of the order of ∼ 1016 G [20], beyond which
the evolution of the field becomes non-linear. We are
not aware of any detailed calculation of the neutron
star dynamo that would describe the field’s non-linear
evolution beyond saturation and the resulting global
structure of magnetic field. The magnetic field subse-
quently evolves and decays during the later stages of
neutron star cooling. An assumption that all neutron
stars have strong interior magnetic fields at birth is not
in contradiction with any data.
A smaller magnetic field would result in a smaller
asymmetry in the majoron emission. However, some
numerical calculations show that small seed asymme-
tries may get amplified through hydrodynamic insta-
bilities [21]. Thus, even if the magnetic field is much
smaller than 1016 G, the majoron emission can result
in a substantial pulsar kick.
We conclude that, if the majorons carry away a sub-
stantial fraction of the released energy, they can give
the pulsar a recoil velocity that is high enough to ex-
plain the data.3. Effects of νµνµ → Φ and ν¯µ → νµΦ
The distributions of (−)νµ and
(−)
ντ in a supernova core
are thermal; however, the densities of these neutrinos
are substantially lower than that of νe: µνµ = µντ = 0
and T  µνe . For the evolution of a neutron star, νµ
and ντ are approximately equivalent. So, hereafter we
collectively call them νµ to avoid repetition. In a su-
pernova core, Vµ is negative and as a result, the two
processes νµνµ → Φ and ν¯µ → νµΦ can occur. In
analogy with the νeνe → Φ case, one can show that
in the presence of a strong magnetic field a net mo-
mentum will be imparted to the supernova core given
by
∫
d P =
√
2GFneEtotalx
6|Vµ| 〈
λe〉
(14)= −
√
2GFEtotalxe
12|Vµ|
(
3ne
π4
)1/3
| B|zˆ.
Again, if x  0.1 and | B| ∼ 1016 G, neutron stars can
gain high enough velocities.
4. Discussions and conclusions
In this Letter we have shown that despite the strong
bounds on the majoron couplings to neutrinos, an
asymmetric emission of majorons can explain the high
velocities of pulsars, provided that a substantial frac-
tion of the binding energy of the star is emitted in the
form of majorons (EΦ/Etotal  0.1). The asymmetric
emission can be caused by a magnetic field of order
of 1016 G in the supernova core. Such high magnetic
fields are quite possible in a supernova core [19].
The bulk of majorons are produced deep inside the
core, where the structure of the magnetic field is un-
known. Surface magnetic fields are measured at much
later times, when the neutron star is very cold. One
does not expect a significant correlation between the
field inside the core during the first seconds of a su-
pernova explosion and the field on the surface of a
cold neutron star that emerges from this explosion. As
a result, we do not expect a correlation between the
pulsar velocity and its observed magnetic field (the so-
called B–v correlation). However, since the duration
of majoron emission is much longer than the period
26 Y. Farzan et al. / Physics Letters B 621 (2005) 22–27of rotation of an average neutron star at birth, one ex-
pects a correlation between the axis of rotation and the
direction of the pulsar velocity [22,23]. The direction
of the rotational axis is known for only a few pulsars,
and for these pulsars it seems to be coincident with the
pulsar velocity. However, more data would be needed
to reach a definite conclusion.
As was suggested by Spruit and Phinney [22], the
mechanism responsible for the large pulsar velocities
can also cause large angular momenta of pulsars. The
emission of majorons can give rise to a large angular
momentum, provided that the magnetic field is not ro-
tationally symmetric. The dynamo mechanism [19,20]
can generate an off-centered dipole component if the
convection at intermediate depths is faster than in the
center. The latter is, indeed, likely because the nega-
tive entropy and lepton number gradients necessary for
convection can develop in the outer regions, cooled by
the neutrino emission.
Acknowledgements
We thank J. Valle for useful discussions. G.G. and
Y.F. thank Aspen Center for Physics for hospitality
during their stay, when a part of this work was done.
The work of Y.F. was supported in part by DOE
grant DE-AC03-76SF0051 and the Iranian chapter of
TWAS at ISMO. The work of G.G. and A.K. was
supported by DOE grant DE-FG03-91ER40662 and
NASA grants ATP02-0000-0151 and ATP03-0000-
0057.
References
[1] For a recent review, see, e.g., A. Kusenko, Int. J. Mod. Phys.
D 13 (2004) 2065, astro-ph/0409521.
[2] J.A. Galt, A.G. Lyne, Mon. Not. R. Astron. Soc. 158 (1972)
281;
O.B. Slee, et al., Mon. Not. R. Astron. Soc. 167 (1974) 31;
A.G. Lyne, F.G. Smith, Nature 298 (1982) 825;
A.G. Lyne, B. Anderson, M.J. Salter, Mon. Not. R. Astron.
Soc. 201 (1982) 503;
J.M. Cordes, Astrophys. J. 311 (1986) 183;
M. Bailes, et al., Astrophys. J. 343 (1989) L53;
E.G. Formalont, et al., Mon. Not. R. Astron. Soc. 258 (1992)
497;
P.A. Harrison, A.G. Lyne, B. Anderson, Mon. Not. R. Astron.
Soc. 261 (1993) 113;A.G. Lyne, D.R. Lorimer, Nature 369 (1994) 127;
B.M.S. Hansen, E.S. Phinney, Mon. Not. R. Astron. Soc. 291
(1997) 569;
J.M. Cordes, D.F. Chernoff, Astrophys. J. 505 (1998) 315.
[3] Z. Arzoumanian, D.F. Chernoff, J.M. Cordes, Astrophys.
J. 568 (2002) 289.
[4] C.L. Fryer, Astrophys. J. 601 (2004) L175.
[5] O.F. Dorofeev, V.N. Rodionov, I.M. Ternov, Sov. Astron.
Lett. 11 (1985) 123.
[6] A. Vilenkin, Astrophys. J. 451 (1995) 700;
A. Kusenko, G. Segrè, A. Vilenkin, Phys. Lett. B 437 (1998)
359;
P. Arras, D. Lai, Astrophys. J. 519 (1999) 745.
[7] A. Kusenko, G. Segrè, Phys. Rev. Lett. 77 (1996) 4872;
A. Kusenko, G. Segrè, Phys. Rev. D 59 (1999) 061302;
M. Barkovich, J.C. D’Olivo, R. Montemayor, J.F. Zanella,
Phys. Rev. D 66 (2002) 123005.
[8] A. Kusenko, G. Segrè, Phys. Lett. B 396 (1997) 197;
G.M. Fuller, et al., Phys. Rev. D 68 (2003) 103002;
M. Barkovich, J.C. D’Olivo, R. Montemayor, Phys. Rev. D 70
(2004) 043005, hep-ph/0402259.
[9] Y. Chikashige, et al., Phys. Rev. Lett. 45 (1980) 1926;
G.B. Gelmini, et al., Phys. Lett. B 99 (1981) 411;
H.M. Georgi, et al., Nucl. Phys. B 193 (1981) 297;
A. Santamaria, et al., Phys. Rev. Lett. 60 (1988) 397;
S. Bertolini, et al., Nucl. Phys. B 310 (1988) 714.
[10] S. Bertolini, et al., Nucl. Phys. B 310 (1988) 714;
Z.G. Berezhiani, et al., Phys. Lett. B 220 (1989) 279;
M. Kachelriess, et al., Phys. Rev. D 62 (2000) 023004;
E.W. Kolb, et al., Astrophys. J. 255 (1982) L57;
E.W. Kolb, et al., Nucl. Phys. B 223 (1983) 532;
C. Giunti, et al., Phys. Rev. D 45 (1992) 1557;
C. Giunti, et al., Phys. Rev. D 45 (1992) 1557.
[11] Y. Farzan, Phys. Rev. D 67 (2003) 073015.
[12] A.D. Dolgov, F. Takahashi, Nucl. Phys. B 688 (2004) 189.
[13] V.B. Semikoz, Yad. Fiz. 46 (1987) 1592;
J.F. Nieves, P.B. Pal, Phys. Rev. D 40 (1989) 1693;
J.C. D’Olivo, J.F. Nieves, P.B. Pal, Phys. Rev. D 40 (1989)
3679;
S. Esposito, G. Capone, Z. Phys. C 70 (1996) 55;
J.C. D’Olivo, J.F. Nieves, P.B. Pal, Phys. Rev. Lett. 64 (1990)
1088;
P. Elmfors, D. Grasso, G. Raffelt, Nucl. Phys. B 479 (1996) 3;
H. Nunokawa, V.B. Semikoz, A.Yu. Smirnov, J.W.F. Valle,
Nucl. Phys. B 501 (1997) 17;
J.F. Nieves, hep-ph/0403121.
[14] M.B. Voloshin, Phys. Lett. B 209 (1988) 360.
[15] A. Burrows, et al., Astrophys. J. 307 (1986) 178;
W. Keil, et al., Astron. Astrophys. 296 (1995) 145;
J.A. Pons, et al., Astrophys. J. 513 (1999) 780.
[16] S. Reddy, M. Prakash, J.M. Lattimer, Phys. Rev. D 58 (1998)
013009.
[17] For review, see, e.g., M. Prakash, J.M. Lattimer, R.F. Sawyer,
R.R. Volkas, Annu. Rev. Nucl. Part. Sci. 51 (2001) 295, astro-
ph/0103095.
[18] C. Kouveliotou, et al., Nature 393 (1998) 235;
C. Kouveliotou, et al., Astrophys. J. 510 (1999) L115.
Y. Farzan et al. / Physics Letters B 621 (2005) 22–27 27[19] R.C. Duncan, C. Thompson, Astrophys. J. 392 (1992) L9.
[20] S. Akiyama, J.C. Wheeler, D.L. Meier, I. Lichtenstadt, Astro-
phys. J. 584 (2003) 954.
[21] H.T. Janka, L. Scheck, K. Kifonidis, E. Muller, T. Plewa, astro-
ph/0408439.[22] H. Spruit, E.S. Phinney, Nature 393 (1998) 139.
[23] C.-Y. Ng, R.W. Romani, Astrophys. J. 601 (2004) 479;
R.W. Romani, astro-ph/0404100.
